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ABSTRACT 
 
EPON 862 is an epoxy resin which is cured with the hardening agent DETDA to form a 
crosslinked epoxy polymer and is used as a component in modern aircraft structures. 
These crosslinked polymers are often exposed to prolonged periods of temperatures 
below glass transition range which cause physical aging to occur. Because physical aging 
can compromise the performance of epoxies and their composites and because 
experimental techniques cannot provide all of the necessary physical insight that is 
needed to fully understand physical aging, efficient computational approaches to predict 
the effects of physical aging on thermo-mechanical properties are needed. In this study, 
Molecular Dynamics and Molecular Minimization simulations are being used to establish 
well-equilibrated, validated molecular models of the EPON 862-DETDA epoxy system 
with a range of crosslink densities using a united-atom force field. These simulations are 
subsequently used to predict the glass transition temperature, thermal expansion 
coefficients, and elastic properties of each of the crosslinked systems for validation of the 
modeling techniques. The results indicate that glass transition temperature and elastic 
properties increase with increasing levels of crosslink density and the thermal expansion 
coefficient decreases with crosslink density, both above and below the glass transition 
temperature. The results also indicate that there may be an upper limit to crosslink 
density that can be realistically achieved in epoxy systems. After evaluation of the 
thermo-mechanical properties, a method is developed to efficiently establish molecular 
models of epoxy resins that represent the corresponding real molecular structure at 
specific aging times. Although this approach does not model the physical aging process, 
it is useful in establishing a molecular model that resembles the physically-aged state for 
further use in predicting thermo-mechanical properties as a function of aging time. An 
equation has been predicted based on the results which directly correlate aging time to 
aged volume of the molecular model. This equation can be helpful for modelers who 
want to study properties of epoxy resins at different levels of aging but have little 
information about volume shrinkage occurring during physical aging.  
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CHAPTER 1: INTRODUCTION 
 
1.1. Epoxy resins 
 
Epoxy-matrix composites are one of the primary structural materials used in modern 
civilian and military aircrafts. Their popularity is due to their excellent specific stiffness, 
specific strength, and processing properties. Because the mechanical properties of epoxy 
composites depend significantly on the molecular scale structure of these materials, 
structure-property relationships are needed to permit design optimization. This also 
applies to processing conditions, which can significantly alter the structure, and therefore 
properties, of epoxy composites.  
Epoxide resins contain an epoxide group, which is also known as an oxirane, epoxy or 
ethoxyline group. 1 This group is a three-membered oxide ring as shown in Figure 1.1. 
The resins are compounds containing more than one epoxide group per molecule and 
they polymerize by using these epoxy groups. The polymerization takes place by using a 
cross-linking agent which is also known as a curing agent or hardener. After 
polymerization, a tough three-dimensional network is formed which makes the resin 
dense in nature. The resin is then said to be cured and such cured resins are used in 
various purposes. The uncured uncrosslinked resins are of liquid nature and have limited 
uses.  
 
 
Figure 1.1. Epoxide ring with two reacting Carbon atoms and one Oxygen atom 
O
C C
2 
 
Cured epoxy resins have the following advantageous properties: 1 
a) Excellent adhesion to reinforcements 
b) Low shrinkage during cure 
c) Good mechanical and electrical properties 
d) High heat and good fatigue resistance 
e) Good chemical and moisture resistance 
 
Thus cured epoxy resins find their uses as adhesives, laminates with fiber 
reinforcements, road and bridge coatings, jigs, fixtures, insulating cables, foundry 
patterns, molds and tools used in metal forming.  
 
These resins have been in great usage in the last ten years in the aerospace industries.  
Composites based on epoxy resins are often used in structural applications in the 
aerospace industry; where environmental conditions include cyclic exposure to high heat 
and humidity. 2 Heat and humidity result in changes of the physical and mechanical 
properties of the epoxy composite. Repeated changes in temperature and exposure to 
humidity cause aging of the epoxy resins and this aging can be reversible or a non-
reversible process. Reversible aging processes include physical aging, plasticization 
while non-reversible processes include hydrolysis, oxidative aging and micro-cracking. 
EPON 862 epoxy resin is one of this kind of epoxy resins which is being used to a great 
extent as a material for composite engine fan casings and as a structural material for the 
new generation composite aircrafts. EPON 862 is usually cured with a curing agent 
known as Diethylene Toluene Diamine (DETDA) to form a cross-linked resin having the 
above mentioned good properties.  
Experiments have been done for studying physical aging and hydrothermal aging of 
epoxies. 3-21 These studies have dealt with the changes of glass-transition temperature due 
to densification of epoxies and other changes in physical and mechanical properties 
because of changes in the polymer micro-structure. But the performance of cured epoxy 
resins largely depends on the amount of curing. Whenever an epoxy resin is mixed with a 
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curing agent, cross-linking occurs at a very fast rate and monomer chains get covalently 
bonded to each other with molecules of curing agent providing the connecting link. 
Figure 1.2 shows how crosslinked epoxies look at the micro scale and at the atomic scale. 
As more and more crosslinks are being formed, entanglements are formed which hinder 
the movements of the uncrosslinked, freely moving monomer chains and slow down the 
rate of crosslinking reactions. Thus, a fully crosslinked network is never formed and 
unfortunately it is difficult to quantify the crosslink density of real epoxies. The extent of 
cure can be monitored during the polymerization reaction using Infrared (IR) or dielectric 
spectroscopy. These techniques utilize changes in spectral features, such as the intensity 
of the epoxide group vibration (IR) 20,22 or the frequency of maximum permittivity or loss 
(dielectric) 23,24, to determine the progress of reaction. So while these methods permit the 
study of the cure reaction and yield a relative measure of the extent of reaction, they 
cannot determine the actual crosslink density for a cured epoxy sample. This work is 
aimed at understanding aging phenomenon as a function of crosslinking and as a result 
computational methods have been used. 
Computational methods have been recently used in the last ten years for studying 
behavior of polymeric materials at the atomic scale. Experiments usually can explain 
phenomena from macro scale to up to nano scale but not beyond that. While this is an 
advantage of using computational methods, there is a disadvantage as well. The time 
scale involved in experiments cannot be duplicated in computational methods as most of 
these computational methods can simulate phenomena occurring up to nanoseconds. 
Nevertheless, trial-and-error approaches for experimentally optimizing the processing 
conditions of epoxy materials can become time-consuming and expensive. Over the last 
two decades, molecular dynamics (MD) simulations based on bead-spring models 25,26 
and Monte-Carlo simulations based on bond-fluctuation models 27-29 have been used to 
study the molecular behavior of epoxy materials.  The bead-spring models do not fully 
consider the details of the molecular structures and thus cannot predict the influence of 
specific groups of atoms on the physical properties. In the last few years, MD at the 
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atomic scale has been quite successful in exploring different phenomena occurring at 
pico- to nano-second time scales in epoxy resins. 30 
 
 
 
Figure 1.2. Crosslink formation in micro scale and atomic scale 
 
1.2. Molecular Dynamics 
 
According to www.wikipedia.org, “Molecular dynamics is a form of computer 
simulation in which atoms and molecules are allowed to interact for a period of time by 
approximations of known physics, giving a view of the motion of the atoms”. It is a 
special type of molecular modeling based on statistical mechanics; the main justification 
of the MD method being “statistical ensemble averages are equal to time averages of the 
system, known as the ergodic hypothesis”. MD usually consists of four kinds of 
simulations: 
1. Microcanonical ensemble (NVE ensemble) –In the NVE ensemble, the system does 
not undergo any changes in number of moles (N), volume (V) and energy (E). It is an 
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adiabatic process where there is no heat exchange. A microcanonical molecular 
dynamics trajectory has its total energy conserved in this ensemble with continuous 
exchange going on between potential and kinetic energies. 
2. Canonical ensemble (NVT ensemble)
3. 
 - In the NVT ensemble, number of moles (N), 
temperature (T) and volume (V) are conserved and is known as constant temperature 
molecular dynamics. In this ensemble, the energies of exothermic and endothermic 
processes are exchanged with a thermostat. Different types of thermostat methods are 
available to add and remove energy from the MD system in an almost realistic way. 
Isothermal-Isobaric (NPT ensemble)
4. 
 - In the isothermal-isobaric ensemble, number of 
moles (N), pressure (P) and temperature (T) are conserved. Both thermostat and a 
barostat are needed. The volume is allowed to change freely as a result of the 
fluctuations occurring due to minute changes in temperature and pressure.  
Isoenthalpic-Isobaric (NPH ensemble)
Another kind of simulation which does not come into the domain of MD but is used in 
conjunction with MD is Energy Minimization. Energy Minimization is the process of 
making small adjustments to geometries of molecules and minimizing the energy of the 
total molecular model. 31 As shown in Figure 1.3b, the position of minimum energy of a 
bond is at the bottom of the well of the energy vs. distance graph. The position 4 in 
Figure 1.3b indicates a high energy conformation of a particular bond in the molecular 
level. Minimization can help in changing the conformations of the molecules in the 
model without providing any kinetic energies to the atoms/molecules and thereby help 
the model reach positions 3 or 2. Though the energy vs. distance plot in 2 dimensions 
looks like a simple one but when the model consists of thousands of polymer monomers 
 – In this ensemble, number of moles (N), 
pressure (P) and enthalpy (H) are conserved. One more degree of freedom is added 
into the system in the form of a variable volume (V) to which the coordinates of all 
particles are relative. Volume (V) becomes a dynamic variable with kinetic energy 
given by PV. The enthalpy H = E + PV is kept constant while the internal energy E 
and the kinetic energy PV are allowed to change. 
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(each monomer is a molecule) and millions of bonds, the energy landscape of the entire 
model becomes a complex one and takes a shape in conformation space as shown in 
Figure 1.3a. Energy minimization simulations continue till there is no change in energies 
of the models in the last and penultimate iterations. In most of the cases for big molecular 
models of polymers, the structures reach an energy state that is close to the lowest point 
in the energy landscape but not exactly the lowest point. In this work few hundreds of 
energy minimization and more than hundred NVT and NPT simulations have been used 
for equilibrating the crosslinked epoxy resin molecular models. 
 
 
Figure 1.3. (a) Energy landscape of a complex molecular model and (b) Energy vs. 
distance plot of a single covalent bond [(a) Image courtesy of 
http://dillgroup.stonybrook.edu/energy-landscapes, © Dr. Ken A. Dill] 
Regarding modeling of cured epoxy resins, the biggest challenge is to model the 
crosslinking reaction.  Many researchers have studied the formation of crosslinked epoxy 
resins using different approaches of simulated crosslinking. Doherty et al. 32 modeled 
poly(methacrylate) networks using lattice-based simulations in a polymerization MD 
scheme. Yarovsky and Evans 33 discussed a crosslinking technique which they used to 
crosslink low molecular-weight, water-soluble, phosphate-modified epoxy resins 
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(CYMEL 1158). The crosslinking reactions were carried out simultaneously (static 
crosslinking process). Crosslinking of epoxy resins using molecular dynamics was 
performed by Xu et al. 34 and their model was used to study the diffusion of water in 
crosslinked networks. An iterative Molecular Dynamics (MD)/Molecular Minimization 
(MM) procedure was used to crosslink an epoxy resin (DGEBA), with one crosslink 
established per iteration. Other computational studies 35,36 involving crosslinking of 
epoxies have been performed. All of the studies discussed thus far were performed on 
relatively small model systems (less than 2200 atoms). 
 Heine et al. 37 simulated large PDMS networks using a dynamic crosslinking 
approach and Varshney et al. 30 used Heine’s dynamic crosslinking approach and Xu’s 
MD/MM concept34 to crosslink EPON 862 with DETDA. Varshney et al. 30 modeled two 
different systems having molecules of EPON 862 and DETDA in the ratios of 128:64 and 
256:128 (EPON :DETDA). Although these studies have made significant progress in the 
molecular modeling of crosslinked epoxies, relatively large molecular models (>15,000 
atoms) have not yet been developed to predict the influence of crosslink density on a 
wide range of thermo-mechanical properties of EPON 862-DETDA polymers.  
The objective of this research was to establish relatively large molecular models of the 
EPON 862-DETDA crosslinked epoxy system and to predict the influence of crosslink 
density on the thermomechanical properties and influence of physical aging. An efficient 
and accurate methodology of creating molecular models of a crosslinked epoxy system 
containing more than 25,000 atoms was developed and the models created by this 
methodology were being used for subsequent studies. Chapters 2, 3 and 4 discuss about 
the different steps of the model building methodology. Chapter 5 discusses about the 
validation of the model building methodology by evaluation of different thermo-
mechanical properties and the influence of crosslink density on the properties. Chapter 6 
discusses about the theory of physical aging and modeling approach. 
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CHAPTER 2: FORCE FIELD AND MODEL PARAMETERS1
2.1. Force field 
 
The OPLS United Atom force field was developed by Jorgensen and co-workers 38-41. 
In this force field, the total energy of a molecular system is a sum of all the individual 
energies associated with bond, angle, dihedral, and 12-6 Lennard-Jones interactions. The 
bond energy is given as 
 
 
 
This chapter describes the procedures for building the initial 2:1 stoichiometric model of 
EPON 862-DETDA mixture. The techniques for creating a monomer/hardener solution 
are described first, followed by the discussion about atom types and force field 
parameters. The initial model building approach is unique and few assumptions have 
been made to establish the model. 
 
2= Σ −E K ( r r )r obonds bonds
 (2.1) 
 
where Kr is a force constant, r is the distance between the two atoms considered, and  ro is 
the equilibrium bond distance.  The energy associated with bond-angle bending is  
 
2θ θθ= Σ −E K ( )oangles angles
 (2.2) 
 
                                                            
1 Portions of text in this chapter have been reprinted and Figure 2.2 has been redrawn with permission from 
Bandyopadhyay, A.; Valavala, P. K.; Clancy, T. C.; Wise, K. E.; Odegard, G. M. Polymer 2011, 52, (11), 
2445-2452. © Elsevier Ltd. Please refer Appendix C.1for copyright information.  
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where Kθ is a force constant, θ is the bond angle, and θο is the equilibrium bond angle.  
The bond stretching and bending functions are quadratic which give an adequate 
description of the structures and energies of relatively unstrained organic molecules. The 
dihedral potential is given by 
 
1 21 1 2
2 2
3 41 3 1 4
2 2
φ φ
φ φ
      
      
= + + − +
+ + −
V V
E cos cosdihedrals
V V
cos cos
 (2.3) 
 
where V1, V2 , V3 and V4  are coefficients in the Fourier series 39,41 and φ is the dihedral 
angle. A Fourier series approach of the torsional energy gives good indication of the 
conformation changes occurring due to torsions present in short and long chains of 
polymer molecules. The 12-6 Lennard Jones interactions or van der Waal’s interactions 
are given by  
 
12 6
4
σ σ
ε
 
               
     
= −ij ijEij ij r rij ij
 (2.4) 
 
where the equilibrium spacing parameter σ of the Lennard-Jones potential was 
considered to be the arithmetic mean of the individual parameters of the respective atom 
types for this work while the well depth parameter ε was taken to be the geometric mean 
of the values of the respective atom types. The r is the distance between the two non-
bonding atoms denoted by i and j. No charges were allotted to atoms and the overall 
structure was kept neutral.  
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2.2. Modeling 2:1 stoichiometric mixture 
 
The initial uncrosslinked molecular model structure was established using a procedure 
similar to that used by Varshney et al 30. A small-scale MD model was established for a 
mixture of EPON 862 monomer (Di-glycidyl ether of Bisphenol-F) and crosslinking 
agent DETDA (Diethylene Toluene Diamine). The molecules of EPON 862 and DETDA 
are shown in Figure 2.1. By using the OPLS united atom force field, all CH3, CH2, CH, 
and alkyl groups were modeled as single united atoms with their corresponding masses, 
except for the C and H atoms in the phenyl rings of both the monomer and hardener 
molecules and one CH3 group directly connected to the phenyl ring of the DETDA 
molecule. In Figure 2.1, the united atoms have been marked red in boxes and the atom ids 
have been shown beside each atom. The atom ids were used to identify each atom and 
assign coordinates to them.  
 
 
 
Figure 2.1. Molecular structures of EPON 862 resin and DETDA molecules. Atoms 
marked in red and inside boxes have been considered as united atoms. The numbers 
indicate the atom IDs. 
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The OPLS force field was used to identify each type of atom. The masses of the united 
atoms were defined as the combined mass of the individual atoms present in the united 
atom. The atoms were classified into 13 types and Table 2.1 shows the atom types and 
the atom IDs that belong to each individual type.  
 
Table 2.1. Atom IDs defined in EPON 862 and DETDA and their corresponding types 
EPON 862 Atom Ids DETDA Atom Ids Atom types 
1 2, 8 
sp3 Carbon with two 
Hydrogens 
2, 3, 5, 7, 9, 17, 18, 20, 
22, 24 3, 4, 6, 9, 13, 18 
Aromatic Carbon as in 
Tyrosine 
4, 6, 8, 10, 19, 21, 23, 25 5 
Aromatic Hydrogen 
connected to Carbon 
11, 26  
Carbon connected to OH- in 
Tyrosine 
12, 27  Oxygen in OH- in Tyrosine 
13, 16, 28, 31  
sp3 Carbon with two 
Hydrogens as in Glycine 
Methyl Ester 
14, 29  
sp3 Carbon with one 
Hydrogen as in alpha 
Methyl Ester 
15, 30  Oxygen as in ether/ester 
 1, 7 
sp3 Carbon with three 
Hydrogens in Isoleucine 
 10, 19 
Nitrogen as in NH2- of 
Aniline 
 11, 12, 20, 21 
Hydrogen as in NH2- of 
Aniline 
 14 
Carbon as in CH3+ of 
Toluene 
 15, 16, 17 
Hydrogen as in CH3+ of 
Toluene 
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After the atom types were defined, the bonds were defined using the bond parameters 
of the force field. The equilibrium bond lengths (r0) along with the force constants (Kr) 
for all bonds were defined in the coordinates file. 6 types of different bonds were present 
in EPON 862 and 3 more bond types in DETDA. 7 angle types in EPON 862 and 5 more 
angle types in DETDA were defined based on the types of atoms that were connected. 
The following assumptions were made while selecting the angle parameters of 
equilibrium bond angles (θο) and force constants (Kθ) because of the non-availability of 
the exact angle types.  
Assumptions about Angle types:- 
1. CH-CH2-O was considered same as CH2-CH-O 
2. CH2-O-CH, C-O-CH2, CH2-O-CH3, CH2-O-CH2 and CH-O-CH were considered 
to be having same parameters  
3. CH2-CH-CH2, CH3-CH-CH2, CH3-CH-CH3, CH-CH-CH3, CH-CH-CH3 and CH-
CH-CH were considered to be having same parameters 
4. C-C-N was assumed as C-C-C 
5. CH3-CH2-C was considered as CH-CH2-CH 
The dihedrals were more in number than angles and bonds and were classified into 6 
types. The dihedral parameters are the Fourier constants (V1, V2, V3 and V4) and in all 
cases, OPLS force field gives values of zero for V1 and V2. The assumptions for dihedral 
parameters because of the non-availability of exact dihedral types are given below. 
Assumptions about Dihedral types:- 
1. C-C-CH2-C was assumed as C-C-C-C where all C are aromatic Carbon atoms 
2. C-O-CH2-CH, CH-O-CH-CH and CH2-CH-O-CH2 were considered same 
3. CH2-CH-CH2-O, C-CH-CH2-O and CH2-CH-CH2-O were considered same 
4. CH3-CH2-C-C was assumed as C-C-C-C where all C are aromatic Carbon atoms 
5. All Nitrogen atoms in DETDA were considered as Carbon atoms  
13 
 
Usually the main contribution to potential energy is caused by bond energy because 
less energy is required to distort an angle or a dihedral away from equilibrium than to 
stretch or compress a bond. Thus the force constants associated with angles and dihedrals 
are proportionately smaller than bond force constants.42 Thus it can be expected that these 
assumptions do not affect the potential energy of the molecular model significantly.  
The first model had two molecules of EPON 862 and one molecule of DETDA. This is 
the stoichiometric ratio in which EPON 862 and DETDA are usually mixed in order to 
achieve the best properties through maximum crosslinking. Once all the parameters were 
defined, the coordinates of all the atoms along with the number of bonds, angles and 
dihedrals and their respective parameters were written to a data file in the native 
LAMMPS format 43. The two EPON 862 molecules were arranged at 90o to each other 
and were separated by a distance of 1.8 Å as shown in Figure 2.2. The DETDA molecule 
was placed in the gap of 1.8 Å between the two EPON molecules. The three molecules 
were placed in a cubic simulation box of size 80×80×80 Å3. The simulation box was 
made big so as to have a gaseous system of two chains of EPON 862 and one chain of 
DETDA.   
The 3 molecules were subjected to four energy molecular minimizations (MM) and 
three NVT (constant volume and temperature) molecular dynamics (MD) in between the 
minimizations to minimize internal forces (thus reduce internal residual stresses) 
resulting from the construction of bonds, bond angles, and bond dihedrals. The NVT 
dynamics were conducted at 600K for 100 picoseconds for providing sufficient velocities 
to the atoms of the chains and allow them to move to different positions that might lead 
them to a lower energy state. It is important to mention here that the NVT ensemble made 
use of the Nose/Hoover thermostat and barostat for temperature and pressure control 44. 
In the minimizations, two different approaches were considered: a) steepest descent and 
b) conjugate gradient 45. The two minimizations are mentioned as follows: 
a) Steepest Descent- This is a one-dimensional minimization which uses the derivative 
information to simply go along the downhill in the direction of the steepest slope. In these 
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simulations, it was found that steepest descent algorithm took a longer time to converge 
than the conjugate gradient algorithm and did not give always give lowest values of 
minimized energy.  
b) Conjugate Gradient- This algorithm uses line searching in which information from 
successive line searches are stored and used to shape the rest of the minimization. This is 
a less time consuming and better method than steepest descent.  
 
 
 
Figure 2.2. Two EPON 862 molecules modeled in a perpendicular arrangement with 
DETDA molecule in between. The Oxygen atom of the epoxide ring is marked red and is 
present along with CH2 and CH3 alkyl groups in a triangular manner at the opposite ends 
of the figure on the four sides.  
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CHAPTER 3: MODELING PROCEDURES 
 
3.1. Replication of 2:1 to 16:8 model 
 
Different combinations of translations of 3 Å and rotations of 30o were applied to the 3 
chains of 2:1 system to form 8 different combinations which were combined to form the 
unequilibrated 16:8 system. Figure 3.1 shows the 8 different replicates of the 2:1 model. 
This model had 16 chains of EPON 862 and 8 chains of DETDA which were replicated 
27 times to form 432:216 system containing 432 chains of EPON 862 and 216 chains of 
DETDA. 
 
 
 
Figure 3.1.  Eight times replication of 2:1 model. The 2:1 EPON 862-DETDA structures 
have been rotated and translated in different ways as mentioned so that none of them had 
similar conformations. 
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These 8 different replicates were kept in a large cubic box of length 80×80×80 Å3. 
This box was slowly shrunk by lengths of 10 Å along all three axes after 400 picoseconds 
(ps) NVT dynamics in between the minimization simulations. In this time, the target 
volume of the simulation box was calculated based on the approximate density of an 
EPON 862-DETDA system which is around 1.2 g/cc at room temperature 46,47. Based on 
a range of 1.20g/cm3 – 1.22g/cm3 target density, the volume of the simulation box was 
supposed to be around 21.24 Å in length along each axis. As the simulation box size was 
shrunk to 40×40×40 Å3 size, the rate of shrinking was slowed down by 2Å per side after 
each cycle of two MMs and one in-between MD. The stress relaxation procedure was 
completed after 20 MM and 10 MD simulations because the simulation box reached a 
volume of 21.24×21.24×21.24 Å3 which corresponds to a density of 1.21 g/cm3. The final 
pressure value of the last minimization was less than 1 atmosphere (101,325 Pascals) 
which indicated that the structure had almost no residual stress. This equilibrated 
structure was used for the subsequent crosslinking step. Appendix A consists of the codes 
used in the LAMMPS program for minimization and NVT dynamics for shrinking the 
simulation box containing the 16:8 molecular model of 16:8 system.  
 
3.2. Replication of crosslinked 16:8 to 432:216 model 
 
The equilibrated and uncrosslinked 16:8 models were crosslinked so that the chains 
got bonded to each other by covalent bonds. Details about the crosslinking mechanisms 
and the crosslinking algorithm are mentioned in Chapter 4. In this section, equilibration 
of the crosslinked models and how they have been replicated to form the 432:216 models 
are being discussed.  
The crosslinked 16:8 models were equilibrated by performing two MM and one MD 
run alternately to remove the residual stresses generated during the formation of the 
crosslinks. The MD runs were NVT simulations for 100 ps at 500 K. The equilibrated, 
crosslinked 16:8 models were replicated 26 times for each crosslink density, and each 
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replica was rotated and translated to form a 3×3×3 array of 16:8 structures for each 
crosslink density. The replication of the 16:8 model to 27 different structures is shown in 
Figure 3.2. The replication was done by applying different combinations of rotation and 
translation to the X, Y and Z coordinates of the original 16:8 model. The different 
replicates and the different combinations of translations and rotations applied to the 
coordinates are shown in Table 3.1. The large systems had 432 molecules of EPON 862 
and 216 molecules of DETDA. For four different defined crosslink densities, the 16:8 
models had differences in the number of bonds, angles, and dihedrals. Each of these four 
samples had 17,928 united atoms representing a total 25,272 explicit atoms. These four 
432:216 models were further crosslinked based on the same principles used in 
crosslinking the 16:8 systems.  
The models having a 432:216 monomer ratio of EPON 862 and DETDA chains were 
further equilibrated using MD and MM techniques with continuous shrinking of the 
volume until the models reached densities close to 1.2 g/cm3(1200 kg/m3). The starting 
volumes of the 432:216 models were 100×100×100 Å3. The van der Waals (vdW) 
interactions were switched down to 0.01% to reduce the sudden spike in potential energy 
caused by bringing 17928 united atoms together in the first step of the equilibration 
process. The vdW interactions were not switched off completely as it can lead to ‘ring-
spearing’ effects 48. With cycles of 2 MM and one NVT dynamics in between the two 
MMs, the vdW interactions were increased to 33%, then to 66% and finally upto 100%.  
Once the vdW interactions were switched to full potential, the shrinking of the box 
was started. Between 30 and 35 minimizations and 12 NVT simulations were required for 
the equilibration of each individual 432:216 EPON 862-DETDA model. At every stage 
of volume reduction, one minimization was performed to relax the coordinates of the 
atoms in the new reduced size of the simulation box. This was followed by a 100 ps NVT 
simulation at 500 K. The temperature for NVT was kept relatively high so that atoms had 
enough kinetic energy to sample local configuration space. This was followed by one or 
two minimizations, depending on the energy and pressure values obtained after the 
simulations. That is, if the pressure was not close to 1 atm. after the first minimization 
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after the NVT simulation, then very small changes were made to the box dimensions and 
a subsequent minimization was performed.  
The final box dimensions were around 62×62×62 Å3 and the acquired density was 
around 1.2 g/cm3. The different 432:216 models with varying crosslink densities had 
different but closely matching densities. These models were further crosslinked and then 
again equilibrated for eliminating the residual stresses generated due to the second 
crosslinking step. The second crosslinking step is discussed in details in Chapter 4.  
 
Table 3.1. Translations and Rotations applied to coordinates of 16:8 models to get 26 
different replicates for forming the 432:216 models.  
Replicate X Coordinate Y Coordinate Z Coordinate 
1 No change No change No change 
2 Cos 30o, +50Å Cos 30o, -50Å -50Å 
3 Cos 30o, +50Å +50Å -50Å 
4 -50Å Cos 30o, +50Å -50Å 
5 -50Å Cos 30o, -50Å Cos 30o, -50Å 
6 +50Å -50Å Cos 30o, +50Å 
7 +50Å Cos 30o, +50Å Cos 30o, +50Å 
8 Cos 30o, -50Å -50Å Cos 30o, +50Å 
9 Cos 30o, -50Å Cos 30o, +50Å Cos 30o, +50Å 
10 Cos 45o -50Å No change 
11 Cos 45o, +50Å Cos 45o, -50Å No change 
12 +50Å Cos 45o No change 
13 Cos 45o, +50Å +50Å Cos 45o 
14 No change +50Å Cos 45o 
15 -50Å Cos 45o, +50Å Cos 45o 
16 Cos 30o, -50Å No change Cos 45o 
17 Cos 45o, -50Å Cos 45o, -50Å Cos 45o 
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18 Cos 60o Cos 60o +50Å 
19 Cos 60o -50Å +50Å 
20 +50Å Cos 60o +50Å 
21 No change +50Å Cos 60o, +50Å 
22 -50Å Cos 60o Cos 60o, +50Å 
23 Cos 45o Cos 30o Cos 45o, -50Å 
24 Cos 60o -50Å Cos 60o, -50Å 
25 +50Å Cos 60o Cos 45o, -50Å 
26 Cos 30o Cos 60o, +50Å -50Å 
27 -50Å Cos 45o Cos 30o, -50Å 
 
 
Figure 3.2. Evolution of EPON:DETDA model having 432:216 stoichiometric ratio.  
(A) 16:8 structure replicated 27 times in a 3×3×3 array to form a 432:216 structure and  
(B) 27 clusters arranged in a 3×3×3 array and each cluster is a 16:8 crosslinked structure 
(Atom spheres are of same resolution for comparing sizes of simulation boxes in all 3 
figures) 
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CHAPTER 4: CROSSLINKING2
4.1. Crosslinking procedure 
 
The equilibrated structure of the 16:8 model was statically crosslinked based on the 
root mean square (RMS) distance between the N atoms of DETDA and CH2 groups of 
the EPON 862 molecules, similar to the approach used by Yarovsky and Evans.33 
Simultaneous breaking of CH2-O bonds in the epoxide ends of the EPON 862 molecules 
and N-H bonds of the DETDA molecules made the activated CH2 ends capable of 
forming crosslinks with activated N atoms of the DETDA molecules. A particular 
activated N could form a crosslink with the activated CH2 of any adjacent EPON 862 
molecule within a specified cutoff distance. While the actual crosslinking reaction is 
quite complex, the fundamental mechanisms that were modeled in this work are depicted 
in Figures 4.1 and 4.2. Three assumptions were made for the crosslinking process:  
1) Both primary amines in DETDA were assumed to have the same reactivity 
2) The CH2-O and N-H bonds were broken simultaneously (Figure 4.1) 
3) One N atom was partially activated when it had only one activated CH2 within a 
defined cutoff distance.  
 
 
The 16:8 models of EPON-DETDA were crosslinked to four different extents after 
equilibration. These models were replicated to form the 432:216 EPON-DETDA models 
which were further crosslinked. The details about the crosslinking procedure are written 
in this chapter.  
 
                                                            
2 Portions of text in this chapter have been reprinted and Figures 4.1, 4.2, 4.3 and 4.4 have been redrawn 
with permission from Bandyopadhyay, A.; Valavala, P. K.; Clancy, T. C.; Wise, K. E.; Odegard, G. M. 
Polymer 2011, 52, (11), 2445-2452. © Elsevier Ltd. Please refer Appendix C.1for copyright information.  
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The starting point of the crosslinking reaction is shown in Figure 4.1 where the 
nucleophilic amine of the DETDA molecule reacts with the unsubstituted epoxy C, and 
the adjacent oxygen atom attains a negative charge when the C-O bond is broken. After 
forming a bond with the C atom, the N atom attains a positive charge and thus the 
neutrality of the EPON 862-DETDA system is maintained. Crosslinks were formed by 
computing all RMS distances between each N atom and the CH2 united atoms within a 
defined cutoff distance. The CH2 radicals located outside the cut-off distance of a 
particular NH2 group were not crosslinked to that particular group. The cutoff distance 
was chosen to achieve a desired level of crosslinking as mentioned below. In the next 
step, the H+ ions were formed by breaking NH2 bonds and were reacted with the O- atoms 
of the broken epoxide ends. This bond formation was also performed based on the closest 
RMS distances between the O- and H+ atoms.  
The second step of the crosslinking reaction is shown in Figure 4.2. A RMS distance 
searching program was written in AWK script for finding distances between all possible 
crosslinking N atoms and CH2 united atoms. The same program was also used to find 
RMS distances between H and O atoms. The script of the program is given in Appendix 
B.  
To determine the influence of the RMS distance on the total number of crosslinks 
formed, the crosslink density was determined for a range of RMS cutoffs for two 
different molecular models constructed in the manner described in Figure 4.3. The 
crosslink density of the epoxy system was defined as the ratio of the total number of 
crosslinks that were formed to the maximum number that could be formed.  For example, 
an epoxy network having 16 out of 32 crosslinks is defined as having a 50% crosslink 
density.  
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Figure 4.1.  First step of Crosslinking reaction: The lone pair of electrons of the nitrogen 
atom attacks the carbon atom next to the epoxide oxygen, forming a C-N bond and 
leaving a negative charge on the oxygen and a positive charge on the nitrogen. (The wavy 
lines represent the remaining parts of the EPON 862 and DETDA molecules in the 
respective structures).  
In Figure 4.3 a steep rise can be seen where the crosslink density increased from just 
above 15% to almost 60% over a span of a cutoff distance between 2 and 4 Å. Another 
important aspect of this graph is the plateau over which the crosslink density increased 
very little over a range of 4 to 8 Å and again after 10 Å. It is important to note that the 
trends of the two systems are very similar, demonstrating reproducibility in the crosslink 
density/RMS distance relationship. Therefore, a large increase in crosslink density 
occurred from 28% to 56% for the first system over a range difference of 1 Angstrom. 
For the second system, the large increase in crosslink density occurred from 3% to 38% 
over 1 Angstrom range. This trend was close to the trend of crosslink densities found by 
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Varshney et al. 30 by using an alternative, dynamic-based crosslinking approach. 
Varshney et al. reported an increase in crosslink density from 0% to 80% over a range 
difference of 1 Å. This demonstrates that the extent of crosslinking increases rapidly over 
a certain range of distance between the crosslinking atoms.   
Four representative crosslink densities were chosen for the subsequent modeling steps: 
50% at a cutoff of 3.8 Å, 59% at a cutoff of 5 Å, 72% at a cutoff of 8 Å and 84% at a 
cutoff of 10Å.  These crosslink densities were chosen because they represent the expected 
range for a stoichiometric monomer/hardener mixing ratio.  
After crosslinking, new bonds, angles and dihedrals were formed. Three new bonds 
between CH-O, N-CH2 and O-H are formed due to crosslinks. Due to the formation of 
these new bonds, 5 different types of angles and 7 different types of dihedrals are formed. 
Another aspect of modeling that needs to be taken care of due to crosslinking is a change 
in the type of Oxygen atom which takes part in crosslinking. Since the Oxygen atom in 
the original epoxy ring forms a bond with H of the amine group with the subsequent 
breakage of the epoxy ring structure, the vdW coefficients were changed from ethereal to 
hydroxyl type Oxygen. The old bonds, angles and dihedrals were removed and few 
assumptions were considered for forming the new bonds, angles and dihedrals which are 
given below. 
Assumptions about Dihedral types:- 
1. C-N-CH2-CH, H-N-CH2-CH and CH2-N-CH2-CH were considered same 
2. C-C-N-CH2 was assumed as C-C-N-C where all C are aromatic Carbon atoms 
3. N-CH2-CH-CH2 and N-CH2-CH-O were assumed as C-CH-CH2-C  
4. H-O-CH-CH2 was assumed as H-OH-CH-C.  
Assumptions about Angle types:- 
1. N-CH2-CH is assumed as N-CH2-CH2  
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Figure 4.2. Second and Final steps of crosslinking reaction: (A) The negatively charged 
oxygen abstracts a proton from the neighboring protonated amine, resulting in an alcohol 
group and an amine group and the crosslinking is complete. (B) The same crosslinked 
nitrogen reacts with another epoxide end of EPON 862 in the same way and forms two 
crosslinks.  
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Figure 4.3. The dependence of the crosslink density on crosslinking cutoff distance for 
two different crosslinked structures. 
 
The 16:8 models were further equilibrated after crosslinking to remove the residual 
stresses generated due to crosslinking. The details of the equilibration procedure and 
replication techniques for formation of the 432:216 models are given in Chapter 3. Once 
equilibrated, the models were further crosslinked based on RMS cutoff distance approach 
described above. NPT simulations were run on the equilibrated 432:216 models at 
various temperatures and the final coordinates of the 300K simulations were used for 
additional crosslinking. Normal temperature and pressure conditions were used for 
additional crosslinking for simulating the real crosslinking process. The additional 
crosslinking steps were performed so that the 27 sub-units of the molecular model were 
crosslinked with one another, thus creating a stable solid structure and increasing the 
crosslink densities further. The 50% crosslinked structure had a 54% crosslink density 
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after this step; the 59% crosslinked structure became 63% crosslinked, the 72% 
crosslinked structure increased to 76% and the 84% crosslinked structure increased to 
88%. After this additional process of crosslinking, the structures were further equilibrated 
at the same volume with two NVT simulations at 500K and 300K for 100 picoseconds 
each with in-between MM minimizations. It is important to note that the equilibrated 
structures model an infinite network of crosslinked epoxy due to the use of periodic 
boundary conditions. Therefore, the modeled structures do not represent localized 
crosslinking, which is observed in microgels with highly-crosslinked particles on the 
order of 10 Å.49 
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Figure 4.4. Spatial Density distributions of 54%, 63%, 76% and 88% crosslinked 
structures along the length of simulation box.  
 
4.2. Density calculations 
 
The spatial density distributions of these structures were calculated to determine the 
degree of uniformity of the polymer in the simulation box as shown in Figure 4.4. The 
simulation boxes for each crosslink density were equally divided into 10 divisions along 
the X, Y and Z axes and the total masses of all the atoms present in each of those ten 
divisions was determined. The total mass of atoms present in each division was then 
divided by the volume of that division to calculate the density of atoms present in that 
particular division.  
The data in Figure 4.4 indicates that the densities of the 54%, 63%, and 76% 
crosslinked systems were uniform along all three axes of the simulation boxes. The 
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spatial density distribution of 88% crosslinked structure was less uniform compared to 
the other three structures. The likely reason for the nonuniformity of the 88% system is 
because it had more crosslinked chains than the other three crosslinked models and 
according to the data shown in Figure 4.4, it contained bonds that were longer than any of 
those in the other crosslinked systems, including some in excess of 10Å.   Not only did 
the increased numbers of crosslinked chains form entanglements which reduced the 
mobility of the atoms in the structure and slowed equilibration, but the high compressive 
forces generated in the highly-stretched bonds serve to locally compress the molecular 
structure, further inhibiting local molecular movement. These unphysical long bonds 
were an artifact of the method used to crosslink the system. Beyond perturbing the mass-
density uniformity, they had negative effects on the predicted physical properties as 
shown below. Even though the NVT simulations at 500K provided a relatively large 
amount of kinetic energy to the molecular structure, the reduced mobility in the 88% 
crosslinked system resulted in a less uniform density distribution compared to the other 
structures.  
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CHAPTER 5: VALIDATION OF EQUILIBRATED CROSSLINKED 
MODELS3
5.1. Glass transition temperature range determination 
 
 
 
Each of the equilibrated models of EPON 862-DETDA with 432:216 molecular ratio and 
varying degrees of crosslinking were used to determine the glass transition temperature 
(Tg), thermal expansion coefficient, thermal and elastic properties. The values obtained 
for different properties were compared with the results mentioned for EPON 862-
DETDA in literature. This was done for validating the realistic nature of the simulated 
models. The procedures and results for these simulations are described in this chapter. 
 
For each of the three cross-linked epoxy models, NPT (constant pressure and constant 
temperature) simulations were run for 400 picoseconds from -70oC (203K) to 330oC 
(603K) at pressures of 1 atm. These simulations were performed to simulate the process 
of constant heating of the epoxy systems from cryogenic temperatures to elevated 
temperatures. The simulation codes are in Appendix A.3. Using the results of the NPT 
simulations, density versus temperature curves were plotted which are shown in Figure 
5.1 for the 54%, 63% and 76% crosslinked systems. Data within the temperature range of 
-30oC to 300oC was used for calculating glass transition temperatures. The simulation 
data within the initial temperature range from -70oC to -30oC were discarded to eliminate 
the effects of molecular relaxation and initial oscillation of the temperature and pressure 
around the set values. The density-temperature curves showed a characteristic change in 
slope in the Tg region. Typically the Tg is determined by finding the intersection between 
linear regression lines fit to the data points below and above the change in slope. 
However, the change in slope is usually gradual.  As a result, the Tg determination is 
                                                            
3 Portions of text in this chapter have been reprinted and Figures 5.1and 5.3 have been redrawn with 
permission from Bandyopadhyay, A.; Valavala, P. K.; Clancy, T. C.; Wise, K. E.; Odegard, G. M. Polymer 
2011, 52, (11), 2445-2452. © Elsevier Ltd. Please refer Appendix C.1for copyright information.  
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highly sensitive to the manner in which the data points on the density versus temperature 
graph are fit. Therefore, it is more appropriate to describe the Tg as a temperature range 
rather than a single temperature value. To determine the Tg range, a series of linear 
regression lines were fit using temperature ranges of 80o, 90o, 100o, 110o and 120o C 
intervals of temperature for each of the crosslinked systems shown in Figure 5.1.  The 
ranges of the intersection points from these series of fits comprised the Tg range.  
The Tg was found to be in the range of 124oC-141oC with an average Tg of 133.44oC 
for the 54% crosslinked structure. For the 63% crosslinked structure, an average Tg of 
142.10oC was found in the range of 132oC-149oC. For the 76% crosslinked structure, an 
average Tg of 151.20oC was found in the range of 143oC-157oC. From the data it is clear 
that the average Tg increased as the crosslink density increased, which is likely due to the 
increasing number of covalent bonds as the crosslink density increases. As a result, there 
is more resistance to increases in free volume as the temperature increases for increased 
levels of crosslinking. Similar increases in Tg due to additional crosslinking have been 
observed in graphite-epoxy composites. 18,50  
In Figure 5.1, the density of the 54% crosslinked system is lower than that of the 76% 
crosslinked system at high temperatures, while this trend is opposite at lower 
temperatures. The reason for this behavior can also be explained based on the difference 
in crosslink density. 54% crosslinked structure had more uncrosslinked freely-moving 
polymer chains that reoriented themselves into a dense configuration at lower 
temperatures. At high temperatures, the uncrosslinked epoxy chains can lead to more 
expansion of the volume and thus the 54% crosslinked structure had a lower density than 
the 76% crosslinked structure. All these NPT simulations were performed by using 
equilibrated configurations of these crosslinked systems. During equilibration, volumes 
of the crosslinked structures were decreased based on two criteria: 
1. The pressure has to decrease along with the energy during a minimization 
2. The final equilibration should lead to a pressure of close to 1 atmosphere with 
the structure attaining a density of around 1.2 g/cm3 
32 
 
The equilibration process of the 63% crosslinked structure made its density slightly 
higher than the densities of the equilibrated 54% and 76% crosslinked structures. As the 
density was already a bit high before the NPT simulations were started, the 63% 
crosslinked structure’s density varied over a range which did not overlap the density 
variations of the other two systems. In this research, the focus was placed on the 
variations of the densities with respect to temperature, not on the absolute value of the 
densities. This issue would likely be resolved if multiple material systems were 
independently constructed for each crosslink density. Because of limited computational 
recourses, only one structure was established for each crosslink density for the current 
study.  
 
 
Figure 5.1. Density vs. temperature curves for 54%, 63% and 76% crosslinked system 
 
0.92
0.94
0.96
0.98
1.00
1.02
1.04
1.06
1.08
1.10
1.12
1.14
1.16
1.18
-40 -20 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320
D
en
si
ty
 (g
/c
c)
Temperature (degrees C)
54% Cross-Linked
63% Cross-Linked
76% Cross-Linked
33 
 
Varshney et al.30 predicted a Tg of 105°C for the same EPON 862-DETDA system but 
with a crosslink density of 95%. Fan et al.35 predicted the Tg for a 100% crosslinked 
EPON 862-DETDA system to be 109oC. Miller et al. 19 experimentally measured a Tg of 
150°C for the same epoxy system, though the actual crosslink density was unknown. 
Clearly, the presently predicted values of all three crosslinked systems agree with the 
experimental values more than they agree with the predicted values in the literature. Both 
Varshney et al.’s work and Fan et al.’s work have predicted Tg values much less than 
experimentally measured values. This is especially surprising since the simulated cooling 
rates are much faster than the experimental cooling rate, which should lead to higher 
predicted values of Tg. The predicted values in the current study do not show such a 
discrepancy with experiment, which indicates that the chosen OPLS force field, 
equilibration process, and simulated heating process accurately modeled the molecular 
behavior of the epoxy system.  
NPT simulations for the 88% crosslinked structure were also performed, but, the 
simulations failed to give reasonable results beyond a temperature range of 90oC-100oC. 
This is likely due to the same issue discussed in Chapter 4 in the context of the spatial 
density distributions. Specifically, the presence of unphysical long crosslink bonds leads 
to very large localized forces and unrealistic behavior in the structure.  
  
5.2. Volume shrinkage and thermal expansion coefficients 
 
Using the results from the NPT simulations described in the previous sub-section, the 
volume shrinkages with respect to the volume at 300oC for the 54%, 63%, and 76% 
crosslinked systems for the temperature range of -30°C to 300oC were determined and are 
plotted in Figure 5.2. From the plot it is clear that all three systems experienced 
significant changes in volume when heated to elevated temperatures. It is also clear that 
the 54% crosslinked system exhibited a significantly larger amount of shrinkage than the 
63% and 76% systems, which were nearly identical. This is likely due to the difference in 
the number of covalent bonds present in the three structures. The 54% crosslinked 
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structure had fewer covalent bonds and a larger number of free chains with higher 
mobility than the 63% and 76% crosslinked structures. Therefore, at decreasing 
temperatures, the 54% crosslinked model was able to adapt a more compact conformation 
than the 63% and 76% crosslinked models.   
 
 
Figure 5.2. Volume shrinkages with respect to the volume at 300°C for 54%, 63% and 
76% crosslinked structures 
 
Linear regression lines were fitted on the volume shrinkage curves shown in Figure 
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rubbery and glassy regimes. Because the method of fitting the data can affect the 
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degree range. For the rubbery region, ranges of 160° – 280°C degrees and 160° – 260°C 
degrees were fit. Therefore, temperature ranges of 100° and 120°C were fit above and 
below the Tg, and the CVTE was calculated with 
 
1β   
 
∂=
∂
V
V T Po
 (5.1) 
 
where Vo is the initial volume of the simulation box before the NPT simulation, and the 
subscript P implies a constant-pressure process. The coefficient of linear thermal 
expansion (CLTE) is defined as 
 
1
3
βα   
 
∂= =
∂
L
L T Po
 (5.2) 
 
where Lo is the initial length of each side of the cubic simulation box before the NPH 
simulation. The CLTE values obtained for the three crosslinked systems are given in 
Table 5.1. These values are the averages of the CLTE values obtained over the 
temperature ranges of 100o and 120oC.  
The results shown in Table 5.1 generally indicate an increasing trend in the 
coefficients of expansion with decreasing crosslink density, which is likely because the 
polymer chains are less constrained in lower-crosslink systems, resulting in greater 
mobility during the thermal expansion process. This also explains the greater expansion 
that was predicted above Tg for each of the crosslink densities. The results were found to 
be consistent with those reported by Fan et al. 35 and Wang et al 51. Fan et al. predicted 
CLTE values of 18.5×10-5°C-1 above Tg and 5.5×10-5°C-1 below Tg for a 100% 
crosslinked EPON 862-DETDA system. Wang et al’s experimental work with the pure 
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EPON 862-DETDA system gave CLTE values of 18×10-5°C-1 above Tg and 6.4×10-5°C-1 
below Tg.  
 
Table 5.1. Thermal Expansion Coefficients of crosslinked structures 
Coefficient of Linear Thermal Expansion (α)×10-5 (oC-1) 
 54%  63%  76% 
Above Tg 20.0  13.6  14.0 
Below Tg 12.9  9.1  8.6 
 
 
5.3. Elastic properties (first approach) 
 
 Simulated deformations were performed on all three crosslinked systems to determine 
their elastic properties. In these simulations, strains were imposed on the periodic MD 
models in the NVT ensemble, and the corresponding averaged stress components (virial 
stress) were determined for a complete stress-strain response. Two types of strains were 
applied on the structures: volumetric and three-dimensional shear strains. Relations 
among different elastic constants were used to calculate Young’s modulus and Poisson’s 
ratio from the values of bulk modulus and shear modulus obtained through simulations. 
This was the first approach. NVT simulations were run at 300 K (room temperature) for 
200 picoseconds with timesteps of 0.2 femtoseconds. Strain increments were applied at 
every timestep such that the desired cumulative strain was reached by the end of the 200-
picosecond simulation. It is important to note that although the elastic response of 
polymers is generally dependent on applied strain rate, and the simulated deformations 
are at relatively high strain rates, it is expected that the predicted elastic properties are 
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close to those observed experimentally. Although excellent agreement between 
experiment and high-strain rate simulations has been observed in the literature 52-54, the 
reason for the apparent lack of strain-rate effects in predicted properties is unclear. 
 For the volumetric strains, equal strain magnitudes were applied in all three coordinate 
directions in both tension and compression according to kinematic Equation 5.3 
 
0 005ε ε ε= = = ± .zzxx yy  (5.3) 
 
where εij is the infinitesimal strain tensor component with respect to coordinate directions 
i and j. The overall dilatation of the molecular model was  
 
ε ε ε∆ = + + zzxx yy  (5.4) 
 
For each timestep in these simulations, the overall hydrostatic stress σh of the model was 
calculated by  
 
( )13σ σ σ σ= + + zzxx yyh  (5.5) 
 
where σij is the volume-averaged virial stress tensor component with respect to the 
coordinate directions i and j. For each timestep of the final 198 picoseconds of the 
simulations, the hydrostatic stress and dilatation were used to perform a linear regression 
analysis to establish the bulk modulus 
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σ
=
∆
hK  (5.6) 
  
The bulk moduli calculated for positive and negative dilatations were averaged. The data 
gathered during the first 2 picoseconds of the simulations were not used in the regression 
analysis because molecular structures typically undergo rapid, local relaxation during the 
initial stages of MD simulation. The structures were well-equilibrated before the start of 
these deformations and thus did not need significant time for relaxation. In the initial 1-
1.5 picoseconds of the deformation simulation, the initial oscillation of the total pressure 
values died out. Nearly one million data points were used to calculate the bulk modulus 
for each epoxy system. The simulation codes for calculating volumetric deformations are 
provided in Appendix A.4. 
Similarly, a three-dimensional shear strain was applied to the molecular models 
  
0 005γ γ γ= = = ± .xy yz zx  (5.7) 
 
where γij is the infinitesimal engineering shear strain component with respect to the i and 
j coordinate directions. The corresponding volume-averaged shear stresses σyz, σxz, and 
σxy were calculated for each timestep. Each shear stress component was compared to the 
corresponding applied shear strain for each timestep of the final 198 picoseconds of the 
simulations. A linear regression analysis was performed to determine the corresponding 
shear modulus, which is given by 
 
σ
γ
= xyG
xy  
(5.8) 
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For each crosslink density, the three calculated shear moduli were averaged for both 
positive and negative applied shear strains. The simulation codes for calculating shear 
deformations are given in Appendix A.5.  
 After calculating bulk moduli and shear moduli for all the crosslinked structures, 
Young’s moduli (E) and Poisson’s ratios (ν) were calculated according to  
 
9
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 (5.9) 
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2 3
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K G
K G
 (5.10) 
  
Using Equations 5.3-5.10, the elastic properties were calculated for the 54%, 63% and 
76% crosslinked structures and the values are given in Table 5.2. 
 
Table 5.2. Mechanical properties of crosslinked models based on 1st approach (units in 
GPa) 
 Units in GPa K (bulk 
modulus) 
G (shear 
modulus) 
E (Young’s 
modulus) 
υ (Poisson’
s ratio) 
54% Crosslinked 2.961 0.154 0.453 0.475 
63% Crosslinked 2.914 0.707 1.963 0.388 
76% Crosslinked 2.661 0.831 2.258 0.359 
Experimental 
sample 55 
 0.6-1.0 1.6-2.9 0.35-0.43 
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The results in Table 5.2 show an increasing trend in Young’s modulus and shear 
modulus among the 54%, 63% and 76% crosslinked structures. Littell et al. 55 
experimentally measured mechanical properties of the same epoxy system and reported 
Young’s modulus values of 1.6 – 2.9 GPa, shear modulus values of 0.6 – 1.0 GPa, and 
Poisson’s ratio in the range of 0.35-0.43. Fan et al. 35 predicted Young’s modulus of 3.75 
GPa for their 100% crosslinked EPON-DETDA computational model. The results 
obtained in this computational study are thus consistent with the literature 35,55. 
The bulk modulus shows a very small decreasing trend with increasing crosslink 
density, signifying that volumetric deformation probably does not have a strong 
sensitivity to crosslinking. The increasing trends in shear modulus and Young’s modulus 
with increasing crosslink density indicate that with crosslinking, the molecular structure 
becomes stiffer because of the presence of more covalent bonds. Similar trends have been 
reported in other epoxy systems by Gupta et al.56 and in epoxy-nanotube composites by 
Miyagawa et al. 57 Lees and Davidson 58, Lee and Neville, 59 and Burhans et al. 60 discuss 
data that show increasing distances between reactive sites in epoxies result in decreasing 
crosslink densities and decreasing elastic properties. It is important to note that this trend 
is not always observed, specifically, Vakil and Martin 61 reported that glassy modulus is 
not affected by the degree of crosslinking. Another important observation is the similarity 
of shear modulus, Young’s modulus, and Poisson’s ratio values of the 63% and 76% 
crosslinked structures. This similarity in mechanical properties is in agreement with the 
volume shrinkage results discussed above. It is important to note that these results may be 
sensitive to the limited number of modeled systems at each crosslink density. That is, if 
multiple systems had been individually constructed at each crosslink density, the apparent 
trends could differ slightly. Because of the uniform distribution of density and the 
agreement between computed and measured Tg values (described above), the trends in 
elastic moduli should be accurately reflected in the modeled molecular structures. 
Furthermore, it is important to note that although the predicted elastic properties are 
intuitive, that is, the elastic moduli are the same magnitude as the majority of polymers 
(Young’s modulus between 1 to 5 GPa), the importance of the results is in the model 
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validation and predicted trends as a function of crosslink density and the ability to predict 
this trend computationally. 
 
5.4. Elastic properties (second approach) 
 
In Table 5.2 showing elastic constants in the previous section, the calculated value of 
shear modulus for 54% crosslinked system seemed to be a small value and the 
corresponding Young’s modulus seemed to be also small. Though there is no reported 
evidence in literature that a decrease in crosslinking will lead to significant decrease in 
moduli, but a 78% decrease in shear modulus value due to 7% decrease in crosslink 
density seemed unrealistic. The bulk modulus values obtained from simulations were 
close for the different crosslinked systems as expected because volumetric deformations 
are not very sensitive to changes in number of crosslinks inside the molecular models.  
The second approach was to calculate Young’s modulus from simulations by applying 
uniaxial tensile deformations on the molecular models. For the uniaxial tensile 
deformations, strains were individually applied along each of the principal axes of the 
simulation box using the “fix deform” and “fix nph” commands in the LAMMPS 
software package. The simulation codes are given in Appendix A.6. Axial strains were 
applied such that Poisson contractions were allowed in the transverse directions. For each 
model, the tensile strain was divided equally over 200 picoseconds with timesteps of 0.4 
femtoseconds. Tensile strains of magnitudes ±0.003, ±0.005, and ±0.007 were applied in 
each direction. A representative stress vs. strain graph for calculating Young’s modulus is 
shown in Figure 5.3. A linear regression analysis of stress vs. strain was performed over 
the final 180 picoseconds of each simulation to determine the corresponding Young’s 
modulus (E) as shown in Figure 5.3. The stresses calculated from the simulations are in 
atmospheres and the values reported in Tables 5.2 and 5.3 are in GPa. The conversion 
was done by using a conversion factor of 1 atmosphere = 0.000101325 GPa. The slope in 
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the trendline obtained after linear regression analysis in Figure 5.3 is the Young’s 
modulus which is calculated as 32195 atm. = 0.000101325 × 32195 = 3.262 GPa.  
 
Figure 5.3. Stress vs Strain graph for tensile deformation along Y- axis at 0.7% strain of 
70% crosslinked model 
 
The Young’s moduli were averaged over all three axes and all three strain levels in 
both tension and compression. Using the values obtained for Bulk moduli and Young’s 
moduli, shear moduli (G) were calculated for all molecular systems as 
 
3
9
=
−
KEG
K E
 (5.11) 
y = 32195x - 27.64
-3000
-2000
-1000
0
1000
2000
3000
0.0000 0.0010 0.0020 0.0030 0.0040 0.0050 0.0060 0.0070
St
re
ss
 (a
tm
os
ph
er
es
)
Strain
43 
 
The Poisson’s ratio was calculated using values obtained for K, E and G as  
 
3
6
υ −= K E
K  (5.12) 
 
The predicted Young’s and shear moduli are shown in Table 5.3 for the entire range of 
overall crosslink densities. From the Table 5.3 it is clear that there is an increasing trend 
in both moduli as the crosslink density increases. In Table 5.3, the results for 54% 
crosslinked system seem more realistic than the results in Table 5.2. The magnitude of 
the predicted elastic properties is similar to those reported in the literature for the same 
epoxy system.56-58,62,63  
 
Table 5.3. Mechanical properties of crosslinked models based on 2nd approach (units in 
GPa) 
 
K (bulk 
modulus) 
E (Young’s 
modulus) 
G (shear 
modulus) 
υ (Poisson’s 
ratio) 
54% Crosslinked 2.961 0.743 0.255 0.458 
63% Crosslinked 2.914 1.322 0.464 0.424 
76% Crosslinked 2.661 1.652 0.592 0.397 
Experimental 
sample 55  1.6-2.9 0.6-1.0 0.35-0.43 
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CHAPTER 6: MODELING OF PHYSICALLY AGED SAMPLES4
Several studies have focused on the molecular modeling of physical aging in glassy 
material systems.64-70 In general, these studies have followed an approach in which 
molecular structures of simple coarse-grained material systems are simulated until critical 
relaxation events (volume and enthalpy relaxation) occur in the molecular structure. 
These simulated events generally occur over ambiguously-defined time frames. The 
reason for the simulation of relatively simple materials over ambiguous time frames is 
 
 
Physical aging is generally characterized as an increase in mass density (volumetric 
relaxation) and/or a decrease in molecular configurational energy (enthalpy relaxation) of 
amorphous or semicrystalline materials when exposed to temperatures below the glass 
transition (Tg) for extended periods of time. Physical aging usually results in decreases in 
toughness and viscoelastic response of polymers and other glassy materials. This is 
clearly a concern for the industries that use epoxy resins for applications that require 
acceptable levels of structural durability, reliability, and safety for extended periods of 
exposure to sub-Tg temperatures.  
During the last several decades, a large number of studies have focused on the 
experimental characterization of physically-aged epoxies.62 These studies have described 
a great number of observed thermo-mechanical behaviors of aged epoxies and speculated 
on the physical nature of these observations. However, despite the breadth of data and 
theories on observed physical aging behavior, many questions still exist regarding the 
exact molecular mechanisms that are associated with physical aging. It is possible that 
some of these questions can be answered using computational molecular modeling 
techniques in which the molecular structure and behavior of epoxy networks can be 
simulated for a wide range of exposure conditions. 
                                                            
4 Portions of text in this chapter have been reprinted and Figure 6.2 has been redrawn with permission from 
Odegard, G. M.; Bandyopadhyay, A. Journal of Polymer Science Part B-Polymer Physics 2011, 49, (24), 
1695-1716. © John Wiley and Sons Inc. Please refer Appendix C.2for copyright information. 
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due to the immense computational expense of detailed molecular simulations. While real 
physical aging events occur over the course of hours, days, or years; molecular 
simulation of fully atomistic models, using approaches such as Molecular Dynamics 
(MD), can only simulate molecular behavior on the femtosecond to nanosecond time 
scales. Although these studies incorporate neither the specific molecular structure of 
engineering materials nor clearly-defined time scales, they have provided valuable 
insights into the molecular-level behavior of glass materials when subject to physical 
aging. However, to fully understand the physical nature of physical aging of specific 
material systems, fully atomistic models of engineering materials must be simulated. 
The objective of this study was to develop a MD method to predict the molecular 
structure of an epoxy material when subjected to various levels of physical aging. 
Because of the computational challenges described above, the developed approach did 
not directly simulate the physical aging process. Instead, a method was established to 
efficiently predict the molecular structure that closely resembles that of the epoxy at 
specific times during the physical aging process. In this chapter, a detailed description of 
physical aging is followed by descriptions of the epoxy material (EPON 862/DETDA) 
and of the simulation procedure. The method is demonstrated by applying it to the epoxy 
aged at a temperature 40ºC below Tg for a range of crosslink densities. From these 
simulations, the influence of crosslink density on the physical aging process is 
established.  
 
6.1. Physical Aging 
 
Because of the rigidity and complexity of the crosslinked network of EPON 862-
DETDA system, the structure exists in a glassy state that cannot realistically reconfigure 
itself into a purely ordered state. As a consequence of the locked-in amorphous molecular 
structure, there exists significant free volume in the molecular structure, that is, specific 
volume in excess of that found in the ordered state at a given temperature (shaded region 
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in Figure 6.1). It is important to note that many authors define free volume as the volume 
that is not occupied by polymer molecules; however, this definition is complicated by the 
ambiguous definition of the volume of a molecule in an amorphous structure. The free 
volume decreases as the amorphous structure is aged at sub-Tg temperatures for extended 
periods of time. This reduction in free volume occurs as the material contracts to achieve 
a lower-energy molecular state. Figure 6.1 shows how the unaged amorphous state 
undergoes decrease in free volume such that the overall volume is decreased (mass 
density increased), yet the orientation of the molecules remains the same.  
 
 
Figure 6.1.  Schematic showing the definition of free volume, volumetric reduction, and 
configurational change in a crosslinked epoxy polymer 
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During the physical aging process, configurational changes on the molecular level can 
occur in epoxies that do not result in an overall change in the amount of free volume 
when an epoxy is subjected to sub-Tg annealing. This process is shown in Figure 6.1 
where the unaged polymer exhibits a re-arrangement of molecular segments to achieve a 
lower-energy structure.  
As an epoxy sample is cooled from the rubbery state along the glass-transition 
temperature range, the specific volume decreases and the rate of decrease slows down as 
the cooling temperature passes through the glass transition region. As shown in Figure 
6.2, the rate of cooling dictates the rate of decrease of specific volume and enthalpy. A 
slower cooling rate q2 allows more time for the crosslinked epoxy chains to reorient 
themselves into a lower energy configuration and attain a smaller volume B at room 
temperature compared to the higher volume A attained due to the faster cooling rate q1. 
The epoxy structure is glassy at volume B and experiences very small changes in chain 
movements because of low kinetic energies of the covalently bonded atoms.  But with the 
passage of time, the sluggish chain movements lead to further decrease in free volume 
and the specific volume of the epoxy sample reach the volume C. This volumetric 
relaxation is caused by physical aging and the temperature at which this aging occurs is 
the aging temperature Ta. But there is a limit to which these chains can move around at 
this low temperature and because of the rigid crosslinked nature of the glassy state, the 
epoxy sample will not be able to reach the hypothetical volume D which is characteristic 
of the crystalline state. Extrapolation of the cooling curve from volume C shows that due 
to physical aging, the mid-point of the glass transition range has shifted to a lower value 
Tf from the mid-point of the glass transition range of the unaged sample at Tg(q2). 
Discussion about the shifting of glass transition temperature range due to physical aging 
is mentioned elsewhere.  
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Figure 6.2. Specific volume vs. temperature for a typical epoxy polymer. The shaded 
region indicates the amount of free volume in the polymer 
A thermodynamic quantity that serves as a useful physical aging metric to characterize 
the influence of these molecular-level mechanisms occurring during aging is the specific 
enthalpy, h 
 
                                                                    = +h u pv                (6.1) 
 
where u is the specific internal energy, p is the pressure, and v is the specific volume. In 
the case of physical aging of an epoxy system, the internal energy can be defined as the 
sum of the potential and kinetic energies associated with the atoms that form the 
molecular structure. The enthalpy definition is more useful when considering its change 
from a reference point by 
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                                                           = + +dh du pdv vdp                                         (6.2) 
 
The process of physical aging is usually observed under conditions of constant pressure 
in laboratory and practical conditions. If it is assumed that the pressure exerted onto an 
aging material does not change during the aging process, then Equation 6.2 becomes 
 
                                                                 = +dh du pdv                   (6.3) 
 
The first term on the right-hand side of Equation 6.3 represents the change in the 
internal energy during the physical aging process. That is, it represents the change in the 
potential and kinetic energies associated with the atoms that form the molecular 
structures. The change in internal energy can be induced by the type of configurational 
changes shown in Figure 6.1. The second term on the right-hand-side of Equation 6.3 
represents the contribution of enthalpy change from the change in volume (reduction in 
free volume). Therefore, the specific enthalpy incorporates the influences of volume 
change and molecular reconfiguration on the thermodynamic state of the material held at 
a constant pressure. 
As a result of these two mechanisms, a wide range of thermo-mechanical behaviors of 
epoxy resins are affected during physical aging.62 Measurable decreases in bulk-level 
enthalpy (enthalpy relaxation) and bulk-level volume (volume relaxation) are often 
observed during the physical aging process. Reductions in toughness, tensile strength, 
viscoelastic response are generally observed with increasing physical aging times. 
Despite the increasing knowledge of the influences of physical aging on thermo-
mechanical properties, there is still an unexplained difference in the overall relaxation 
rates of volume and enthalpy in polymers.71 
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6.2. Modeling procedure 
 
Multiple samples for each crosslink density: 2 samples for 63%, 3 samples for 70%, 
and 3 samples for 76% were used in this physical aging study. Because physical aging 
occurs over macro-size time scales (hours to years) and MD simulations occur over nano-
size time scales (femtoseconds to nanoseconds), the physical aging process could not be 
directly simulated for the type of MD models considered here. Instead, an approach was 
followed to establish a relationship between the aging time ta of the polymer and the 
corresponding change in specific volume ∆v of the MD simulation box in which ∆v = v0–
v where v0 is the specific volume of the unaged state (baseline model described above) 
and v is the specific volume for a particular ta. The ta/∆v relationship is useful because it 
allows molecular models of epoxies to be developed for any state of aging, characterized 
by ta for a particular aging temperature, by simply reducing the MD simulation box by ∆v 
using an NPT simulation and equilibrating (using an NVT simulation). Thus, the 
approach used herein provides molecular structures at snapshots in time that closely 
resemble the aged molecular system without the need to simulate the entire physical 
aging process. It is important to note that the associated changes in ∆v are small enough 
to avoid the creation of significant residual stresses in the molecular model for realistic 
physically-aged states. 
The critical assumption made in this approach is that on the molecular level, the 
constant dynamic motion of the atoms, as simulated via an NPT simulation, results in 
momentary states (snapshots in time) in which the molecular structure has 
conformational and free volume characteristics that would represent a physically-aged 
state for a particular ta and aging temperature. The specific enthalpy can be determined 
for these snapshots in time and correlated with specific enthalpies measured 
experimentally for a particular aging time and temperature. The MD simulation box 
volumes associated with these snapshots in time can then be used as an independent 
parameter that controls the simulated level of physical aging. The resulting MD models 
51 
 
can then be used to predict thermo-mechanical properties for a particular polymer at a 
particular aged state. 
The method used in this study consists of three basic steps: (1) Establish a relationship 
between ∆v and ∆h (∆h = ho - h) via MD simulation, (2) determine the relationship 
between ∆h and ta from experimental data, and (3) determine the relationship between ∆v 
and ta. The details of each of these steps for the EPON 862-DETDA epoxy system are 
described below. 
 
6.3. Results and Discussions 
 
In the first step, the relationship between ∆h and ∆v/v0 was established for each of the 
samples of each crosslink density. NPT simulations were conducted on the baseline MD 
models at a pressure of 1 atm for 400 ps at a temperature of Tg- 40ºC. The Tg of each of 
the crosslinked systems was established previously.63  At 2 fs intervals during these 
simulations the values of ∆v/vo and ∆h were recorded. Each pair (∆v/vo,∆h) represented a 
state corresponding to a specific fluctuation in free volume and conformational change in 
the epoxy network. Figure 6.3 shows the corresponding ∆h vs ∆v/vo data sets for each of 
the simulated material systems.  A linear regression was fit to each of the data sets, and 
the corresponding regression slope α represented the ∆h vs ∆v/vo relationship 
 
                                                          α   
 
∆∆ =
O
vh
v
                                                      (6.4)                                   
 
In Equation 6.4, ∆v has been normalized over specific volume of the unaged state vo so 
that the value of α is not dependent on volume units but only on enthalpy units. In 
Equation 6.4, ∆h and α have units of J/g. Although the data shown in Figure 6.3 shows a 
large amount of scatter, which is expected for an MD simulation like this, it was assumed 
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that a linear trend was sufficient to describe the ∆h vs ∆v/vo relationship, and that y-
intercept of the regressions were zero-valued. The data in Figure 6.3 indicate that specific 
enthalpy and specific volume are positively correlated. That is, both relaxation measures 
increase and decrease simultaneously, as expected. 
It is important to note that Equation 6.4 implies a relationship between the enthalpy of 
the molecular system and the corresponding specific volume of the MD simulation box. 
Equation 6.4 does not imply a relationship between bulk-level enthalpy relaxations and 
volumetric relaxations. Because bulk-level enthalpy and volumetric relaxations do not 
have a linear relationship for polymers, as described above, the volumetric term in 
Equation 6.4 is intended to only relate to the MD simulation box volume. Of course, for 
MD simulation box volumes that are orders of magnitude larger than the one investigated 
herein, a relationship between simulation box volume and bulk volume may be 
determined. However, because of the limits of modern computational resources, such a 
relationship is not considered for the current study. 
 
Table 6.1. Values of the constant α (J/g) for each sample of each crosslink density. 
 63% 70% 76% 
Sample 1 319.11 302.68 256.35 
Sample 2 233.83 238.01 227.71 
Sample 3 - 239.59 212.71 
Average 276.47 260.09 232.26 
Standard 
deviation 60.302 36.889 22.172 
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Figure 6.3. Change in enthalpy (∆h) vs. change in volume (∆v/vo) for eight different 
samples of crosslinked EPON 862-DETDA molecular models. Units- ∆h in J/g, ∆v/vo is 
unitless 
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Table 6.1 lists the values of α for each of the samples of each crosslink density. The 
average values of α shown in Table 6.1 decrease for increasing levels of crosslinking. 
This trend is likely because of the decreasing levels of conformational change that can 
occur as the polymer network is subjected to increasing levels of crosslinks. Because the 
number of conformational changes decreases, the values of ∆h decrease with respect to 
∆v/vo, thus causing a decrease in the value of α per Equation 6.4. The standard deviation 
data in Table 6.1 also indicates that the predicted values of α was relatively consistent 
between individual samples. It is expected that increases in the number of atoms in the 
MD model would result in decreases in the standard deviation of α values, albeit with 
slower simulation times. 
 
 
Figure 6.4. Experimental data for specific enthalpy relaxation for epoxy. The solid line is 
a linear regression fit for the four data sets. 
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For the second step, experimental data was obtained from the literature13,72-74 that 
relates specific enthalpy relaxation to aging time for Tg- 40ºC. Figure 6.4 shows the 
enthalpy relaxation of the epoxy for various aging times. Although the epoxy systems 
investigated in these studies13,72-74 are not exactly the same as the one considered herein, 
it is assumed that their enthalpy relaxation response is close to EPON 862-DETDA. The 
data indicates that all four independent studies show similar enthalpy relaxation behavior 
for the different epoxy systems. Also shown in Figure 6.4 is a linear regression line that 
fits the data to the following form 
 
                                                        ( )lnβ γ∆ = +ath                                                (6.5) 
 
where β and γ are fitting constants and ta has units of hours. A least-squares analysis on 
the combined data sets shown in Figure 6.4 yielded β = 0.27 J/g and γ = 0.46 J/g. 
Therefore, Equation 6.5, along with the appropriate values of β and γ, relates the 
expecting specific enthalpy relaxation to the aging time and acts as a calibration for 
relating the molecular modeling results to the aging time, as explained below. 
In the third step of the simulation procedure the specific enthalpy relaxation measure 
in Equation 6.4 was directly related to analogous measure in Equation 6.5. As a result, 
the specific volume of the MD model can be related to the aging time via 
 
                                                    ( )lnβ γα α
∆ = +v tavo
                                             (6.6) 
 
The significance of Equation 6.6 is that ∆v is directly related to the aging time ta, which 
allows for the development of molecular models that resemble the physically-aged state 
at pre-selected amounts of aging time. Specifically, the desired physical aging time can 
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be input into Equation 6.6, and the corresponding change in specific volume of the 
simulation box can be calculated. This change in specific volume can be applied to an 
equilibrated baseline epoxy molecular model to establish a model that resembles the aged 
molecular structure. The resulting model will have the corresponding changes in specific 
volume (free volume) and enthalpy relaxation incorporated directly. The aged molecular 
models of epoxy can be used further to predict thermo-mechanical properties for that 
particular aging time. It is important to note that ∆v only describes the adjustment to the 
simulation box specific volume, not the overall relaxation volume of the epoxy. Because 
volume relaxation and enthalpy relaxation rates are typically different in polymers (for 
unknown reasons)71, and because the method described herein is based on enthalpy 
relaxation, Equation 6.6 cannot be used to reliably predict the bulk volume relaxation of 
epoxy.  
 
6.4. Conclusions of physical aging study 
 
This research has explored the MD modeling of the physical aging of crosslinked 
epoxy materials. Although the physical aging process cannot be simulated directly due to 
the large discrepancy between actual and simulated time scales, the method developed 
can be used to efficiently establish equilibrated MD models of crosslinked epoxies that 
resemble the corresponding structures that are physically aged for various annealing 
times. The results of this study indicate that MD models of various aged states can be 
established by simply reducing the volume of MD models and equilibrating the resulting 
structure. The key to successfully establishing such models is to precisely determine the 
relationship between reductions in MD simulation box volume and the corresponding 
physical aging time. It is hypothesized that this relationship can be determined by 
sampling different states for an extended MD simulation in the NPT ensemble for a fully 
atomistic system. This relationship has been determined for the EPON 862-DETDA 
epoxy system for Tg-Ta = 40ºC, and could be determined for other epoxy systems at 
different aging times in a similar manner.  
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CHAPTER 7: SCOPE OF FUTURE WORK 
 
Since molecular dynamics is still an upcoming technique of computational research and 
epoxies are being studied more for development of lighter materials; the scope of future 
work in this field is enormous. There are unanswered questions about the deformation 
and failure mechanisms occurring in epoxies at the molecular scale during unaged and 
aged conditions. EPON 862-DETDA is also being used along with graphene sheets for 
the construction of composite materials and thus the interaction between graphene sheets 
and the epoxy polymer is of considerable interest. Influence of the distribution of 
crosslinks has been a subject of interest and this has been studied using MD recently by 
Bandyopadhyay and Odegard.75  
 
7.1. Failure studies in unaged conditions 
 
Considerable amount of research can be done on the following topics using MD: 
a) Crazing
b) 
- Crazing is a highly localized deformation which leads to formation of 
voids at the molecular level.76-79 This behavior is observed in epoxies that have 
been reinforced with nano-particles. For highly cross-linked epoxies, crazing occurs 
by the combination of local cross-link scission and/or chain realignment. The craze 
zone appears as a stress-whitened region in the macroscopic scale and the 
coalescence of craze zones leads to the formation of macroscopic cracks at elevated 
loading levels. Mechanism of crosslink bond breakage due to formation of craze 
zones can be understood by using Molecular Dynamics. 
Interfacial failure- The primary failure mechanism of carbon fiber-epoxy interface 
is the debonding of the two phases.80 Although there is no covalent bonding 
between the two phases, an interfacial region is usually present between the fiber 
and the bulk epoxy matrix regions.81 More information about this interfacial failure 
can be obtained by using molecular models at the nano scale. 
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c) Bond breakage using Reax force field
 
- The discovery of Reax force field has 
introduced a new dimension in MD as it is the most realistic force field available at 
this time. The force field allows for simulation of bond breakage with energy 
calculations of bond breakage, bond formation and energy contribution from lone 
pairs.82-84 Using Reax force field can provide a new understanding of the failure 
mechanisms happening in epoxies at the nano scale. 
7.2. Other phenomena of physical aging 
 
Apart from volume shrinkage and enthalpy relaxation, the following phenomena are 
found to occur during physical aging and MD techniques can be attempted to study these 
phenomena.  
a) Thermal rejuvenation
b) 
- The effects of volume shrinkage can be reversed through 
rejuvenation. Rejuvenation means the process of erasing the effects of aging by 
reversing the aging process. There are various rejuvenation mechanisms for epoxies 
that have been discussed in the literature.21,85-90 The most effective mechanism is 
thermal rejuvenation which occurs above Tg. When an aged epoxy polymer is 
heated above the Tg and held at that temperature for a long time, all effects of 
physical aging history are removed, and the material returns back to its un-aged 
form. If the rejuvenated polymer is cooled once again below Tg, then it will follow 
the curve corresponding to the appropriate cooling rate, as shown in Figure 6.2. It 
might be interesting to see whether the same phenomenon can be simulated by MD 
or not. Thorough understanding of the physics behind thermal rejuvenation and 
movement of crosslinked polymer chains during this phenomenon can be 
understood through MD. 
Mechanical rejuvenation- A considerable amount of debate has surrounded the 
concept of mechanical rejuvenation. 88-90 It is also known that mechanical 
deformations can cause temporary changes in the specific volume of an epoxy. 89,90 
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Struik suggested that large deformations in polymers might influence the state of 
physical aging. 21,90 This means that large scale deformations create free volume, 
irrespective of shear, tensile or compressive deformations. Because physical aging 
is caused by a reduction in free volume, Struik reported that the increases in free 
volume caused by large deformations erased part of the physical aging history. But 
McKenna and co-workers have shown 88,89 that despite the momentary changes in 
the volume of an epoxy subjected to various levels of deformation, the baseline 
volume recovery is unaffected by the applied mechanical deformation.91 This 
debate can be solved by the use of molecular modeling. 
c) Changes in elastic modulus
 
 
- Many studies have addressed the measurement of the 
elastic modulus of aged epoxy polymers.12,15,16,92-98  Static tensile-testing,15,16,95,96,98 
compression testing,12,92,93,97 and 3-point bending94 approaches to measure the 
Young’s modulus of the epoxy polymer using the stress-strain curve have been used 
in these studies. Many of these studies have reported no conclusive influence of 
aging on the elastic modulus.15,16,92-94,97 Hu 95 showed a small but consistent 
increase in elastic moduli as a function of aging time for an epoxy composite 
subjected to shear-dominated and axial tension stress states with respect to the 
reinforcing fiber directions. Shi et al. 96 observed an increase in Young’s modulus 
with aging time for epoxy coatings. G’Sell and Mckenna 12 showed a very small 
increase in the compressive modulus with aging time. Kong et al. 98 also observed 
increases in Young’s modulus with aging time. From these studies, it is clear that if 
there is an influence of physical aging on the elastic modulus of epoxy, it is 
generally small, and shows an increasing modulus with increasing levels of physical 
aging. Deformations of atomistic models at various levels of aging can be used to 
predict if there is any increasing trend of elastic moduli with aging or there is no 
correlation.  
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7.3. Chemical and Hydro-thermal aging 
 
a) Chemical aging
a) 
- Chemical aging is a process involving photochemical, oxidative, 
or thermal degradation which occurs due to formation or breakage of covalent 
chemical bonds. These chemical processes lead to permanent changes in the 
network structures of epoxies and degrades the mechanical properties of cured 
resins.7,14,18,99-102 Modeling of chemical aging can be challenging as the photo- 
chemical changes are difficult to model. As chemical aging involves formation of 
more crosslinks and breakage of some particular bonds in epoxies, traditional force 
fields like OPLS and AMBER can never be used for modeling.  
Hydro-thermal aging
 
Thus there remains an infinite scope of molecular modeling research in the field of 
thermosetting polymers. The work described in this dissertation is a small progress in this 
vast field of MD research and considerable work can be done based on the assumptions 
and techniques invented during the course of this research. The results mentioned in 
Chapter 5 and the equations derived in Chapter 6 based on physical aging simulations can 
be useful for further research on EPON 862-DETDA polymer and other similar epoxy 
systems.  
- Hydrothermal aging is the change that occurs in the bulk 
behavior of epoxy resins due to the combined action of temperature and the 
presence of water molecules.  This change is due to the change in density of the 
bulk material as well as hydrolysis of chemical bonds.  The most important 
manifestation of hydrothermal bonding is the loss in adhesive strength of epoxies 
and increased delamination of epoxy composites. 8,17,103-110 Though some MD 
research has been done on the absorption of water by epoxies110,111, coupling the 
interaction of water and temperature with aging times has not been studied using 
MD.  
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APPENDIX A 
LAMMPS sample codes for energy minimization, NVT dynamics, 
measurement of elastic moduli and glass-transition temperature   
A.1. Molecular Energy Minimization simulation   
#Input file for parallel batch minimizations of EPON-DETDA with 70% crosslinks with 
50% crosslinked cluster 
 
units real 
dimension 3 
boundary p p p 
atom_style molecular 
neighbor 6.0 bin 
neigh_modify every 1 delay 0 check yes 
echo screen 
 
#OPLS potentials 
bond_style harmonic 
angle_style harmonic 
dihedral_style opls 
pair_style lj/cut/opt 10.0 
pair_modify mix arithmetic 
 
#variables, read and dump 
variable a uloop 12 
variable k universe 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0        
log log.$k 
read_data DataFile_432isto216_70XLfrom58point5XL_6thmin.xyz 
dump EPON-DETDA all custom 10000 epon432isto216_70XLfrom58point5XL.$k tag 
mol type x y z 
 
#minimization 
min_style cg 
min_modify dmax $k 
minimize 0.0 0.0 1000000 1000000 
next k a 
clear 
jump input.70XLfrom58point5XL_batchminimization_epon432isto21 
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A.2. NVT Molecular Dynamics simulation for equilibration 
#Input file for first NVT after first minimization of 70% crosslinked model with 50% 
crosslinked cluster  
 
units real 
dimension 3 
boundary p p p 
atom_style molecular 
neighbor 4.0 bin 
neigh_modify every 1 delay 5 check yes page 1000000 one 100000 
echo screen 
 
#OPLS potentials 
bond_style harmonic 
angle_style harmonic 
dihedral_style opls 
pair_style lj/cut/opt 10.0 
pair_modify mix arithmetic 
read_data DataFile_432isto216_70XLfrom58point5XL_1stmin.xyz 
 
#dynamics commands 
#initial velocities 
compute 1 all temp 
compute 2 all pe 
compute 3 all ke/atom 
velocity all create 500.0 500.0 
 
#fixes 
fix 1 all nvt 500.0 500.0 10.0  
dump EPONDETDA all xyz 100000 
epon432isto216_70XLfrom58point5XL_1stNVT.xyz 
 
#run 
timestep 0.2 
thermo 100 
thermo_modify lost warn 
thermo_style custom step temp pe ke etotal evdwl etail epair ebond eangle edihed emol 
press vol 
run 500000 
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A.3. Simulated heating for measuring Glass-Transition Temperature and 
volume shrinkage using NPT (constant pressure and temperature) 
ensemble  
 
#Input file of simulated heating of 76% crosslinked EPON 432:216 molecule with 
DETDA for measuring Glass-Transition temperature 
 
units real 
dimension 3 
boundary p p p 
atom_style molecular 
neighbor 4.0 bin 
neigh_modify every 1 delay 0 check yes page 1000000 one 100000 
echo screen 
 
#OPLS potentials 
bond_style harmonic 
angle_style harmonic 
dihedral_style opls 
pair_style lj/cut/opt 10.0 
pair_modify mix arithmetic 
read_data FinalData432_216_76XLinkd_forNPT.xyz 
 
#dynamics commands 
#initial velocities 
compute 1 all temp 
compute 2 all pressure 1 
compute 3 all pe 
velocity all create 203.0 203.0 
 
#fixes 
fix 1 all temp/rescale 2 203.0 603.0 1.0 1.0 
fix 2 all npt temp 203.0 603.0 2 iso 0.1 0.1 10.0 drag 6.0 
dump EPONDETDA all xyz 100000.0 epon_76percent_heatingforTg.xyz 
 
#run 
timestep 0.4 
thermo 50 
thermo_style custom step temp pe etotal evdwl lx ly lz pxx pyy pzz pxy pxz pyz press vol 
 
run 5000000 
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A.4. Simulations for measuring positive and negative volumetric strains for 
calculation of bulk modulus  
 
#Input file for 63% crosslinked EPON-DETDA with 0.5% positive volumetric strain at 
300K for calculating bulk modulus 
 
units real 
dimension 3 
boundary p p p 
atom_style molecular 
neighbor 4.0 bin 
neigh_modify every 1 delay 0 check yes page 1000000 one 100000 
echo screen 
 
#OPLS potentials 
bond_style harmonic 
angle_style harmonic 
dihedral_style opls 
pair_style lj/cut/opt 10.0 
pair_modify mix arithmetic 
read_data DataFile_432isto216_63percent_forModulusCalc.xyz 
 
#dynamics commands 
#initial velocities 
compute 1 all temp 
compute 2 all pressure 1 
compute 3 all pe 
velocity all create 300.0 300.0 
 
#fixes 
 
fix 1 all deform 1 x scale 1.005 y scale 1.005 z scale 1.005 remap v units box 
fix 2 all nvt/sllod 300.0 300.0 10.0  
dump EPONDETDA all xyz 100000.0 epon_63percent_0.5STRAIN_300K_200ps.xyz 
 
#run 
timestep 0.2 
thermo 100 
thermo_modify lost warn 
thermo_style custom step temp pe etotal evdwl lx ly lz pxx pyy pzz pxy pxz pyz press vol 
run 1000000 
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#Input file for 63% crosslinked EPON-DETDA with 0.5% negative volumetric strain at 
300K for calculating bulk modulus 
 
units real 
dimension 3 
boundary p p p 
atom_style molecular 
neighbor 4.0 bin 
neigh_modify every 1 delay 0 check yes page 1000000 one 100000 
echo screen 
 
#OPLS potentials 
bond_style harmonic 
angle_style harmonic 
dihedral_style opls 
pair_style lj/cut/opt 10.0 
pair_modify mix arithmetic 
read_data DataFile_432isto216_63percent_forModulusCalc.xyz 
 
#dynamics commands 
#initial velocities 
compute 1 all temp 
compute 2 all pressure 1 
compute 3 all pe 
velocity all create 300.0 300.0 
 
#fixes 
fix 1 all deform 1 x scale 0.995 y scale 0.995 z scale 0.995 remap v units box 
fix 2 all nvt/sllod 300.0 300.0 10.0  
dump EPONDETDA all xyz 100000.0 epon_63percent_0.5STRAIN_300K_200ps.xyz 
 
#run 
timestep 0.2 
thermo 100 
thermo_modify lost warn 
thermo_style custom step temp pe etotal evdwl lx ly lz pxx pyy pzz pxy pxz pyz press vol 
 
run 1000000 
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A.5. Simulations for measuring positive and negative shear strains for 
calculation of shear modulus  
 
#Input file for 63% crosslinked EPON-DETDA with 0.5% positive shear strain at 300K 
for calculating shear modulus 
 
units real 
dimension 3 
boundary p p p 
atom_style molecular 
neighbor 4.0 bin 
neigh_modify every 1 delay 0 check yes page 1000000 one 100000 
echo screen 
#OPLS potentials 
bond_style harmonic 
angle_style harmonic 
dihedral_style opls 
pair_style lj/cut/opt 10.0 
pair_modify mix arithmetic 
read_data DataFile_432isto216_63percent_forModulusCalc.xyz 
change_box triclinic 
 
#dynamics commands 
#initial velocities 
compute 1 all temp 
compute 2 all pressure 1 
compute 3 all pe 
velocity all create 300.0 300.0 
 
#fixes 
fix 1 all deform 1 xy final 0.3149879751 xz final 0.3149879751 yz final 0.3149879751 
remap v units box 
fix 2 all nvt/sllod 300.0 300.0 10.0  
dump EPONDETDA all xyz 100000.0 epon_63percent_0.5positiveshear300K_200ps.xyz 
 
#run 
timestep 0.2 
thermo 100 
thermo_modify lost warn 
thermo_style custom step temp pe etotal evdwl lx ly lz pxx pyy pzz pxy pxz pyz press vol 
 
run 1000000 
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# Input file for 63% crosslinked EPON-DETDA with 0.5% negative shear strain at 300K 
for calculating shear modulus  
 
units real 
dimension 3 
boundary p p p 
atom_style molecular 
neighbor 4.0 bin 
neigh_modify every 1 delay 0 check yes page 1000000 one 100000 
echo screen 
 
#OPLS potentials 
bond_style harmonic 
angle_style harmonic 
dihedral_style opls 
pair_style lj/cut/opt 10.0 
pair_modify mix arithmetic 
read_data DataFile_432isto216_63percent_forModulusCalc.xyz 
change_box triclinic 
 
#dynamics commands 
#initial velocities 
 
compute 1 all temp 
compute 2 all pressure 1 
compute 3 all pe 
velocity all create 300.0 300.0 
 
#fixes 
fix 1 all deform 1 xy final -0.3149879751 xz final -0.3149879751 yz final -0.3149879751 
remap v units box 
fix 2 all nvt/sllod 300.0 300.0 10.0  
dump EPONDETDA all xyz 100000.0 
epon_63percent_0.5negativeshear300K_200ps.xyz 
 
#run 
timestep 0.2 
thermo 100 
thermo_modify lost warn 
thermo_style custom step temp pe etotal evdwl lx ly lz pxx pyy pzz pxy pxz pyz press vol 
run 1000000 
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A.6. NPH (constant enthalpy and pressure) simulations for measuring 
tensile strains along X, Y and Z axes for calculation of Young’s modulus  
 
#NPH simulation input file for 63% crosslinked EPON-DETDA with 59% clusters for 
0.5% tensile strain at 300K along X direction for measuring Young’s modulus 
 
units real 
dimension 3 
boundary p p p 
atom_style molecular 
neighbor 4.0 bin 
neigh_modify every 1 delay 0 check yes page 1000000 one 100000 
echo screen 
 
#OPLS potentials 
bond_style harmonic 
angle_style harmonic 
dihedral_style opls 
pair_style lj/cut/opt 10.0 
pair_modify mix arithmetic 
read_data DataFile_63XLfrom59XL_ModCalc_Xlineartension.xyz 
 
#dynamics commands 
#initial velocities 
compute 1 all temp 
compute 2 all pressure 1 
compute 3 all pe 
velocity all create 300.0 300.0 
 
#fixes 
fix 1 all deform 1 x scale 1.005 remap v units box 
fix 2 all nph y 0.0 0.0 10.0 z 0.0 0.0 10.0 couple none 
fix 3 all temp/rescale 1 300.0 300.0 10.0 1.0 
dump EPONDETDA all xyz 50000.0 
epon63XL_X_lineartension_0.5strain300K_200ps.xyz 
 
#run 
timestep 0.4 
thermo 50 
thermo_style custom step temp pe etotal evdwl ebond eangle edihed emol lx ly lz pxx 
pyy pzz pxy pxz pyz press vol 
thermo_modify lost warn 
run 5000000 
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#NPH simulation input file for 63% crosslinked EPON-DETDA with 59% clusters for 
0.5% tensile strain at 300K along Y direction for measuring Young’s modulus  
 
units real 
dimension 3 
boundary p p p 
atom_style molecular 
neighbor 4.0 bin 
neigh_modify every 1 delay 0 check yes page 1000000 one 100000 
echo screen 
 
#OPLS potentials 
bond_style harmonic 
angle_style harmonic 
dihedral_style opls 
pair_style lj/cut/opt 10.0 
pair_modify mix arithmetic 
read_data DataFile_63XLfrom59XL_ModCalc_Ylineartension.xyz 
 
#dynamics commands 
#initial velocities 
compute 1 all temp 
compute 2 all pressure 1 
compute 3 all pe 
velocity all create 300.0 300.0 
 
#fixes 
fix 1 all deform 1 y scale 1.005 remap v units box 
fix 2 all nph x 0.0 0.0 10.0 z 0.0 0.0 10.0 couple none 
fix 3 all temp/rescale 1 300.0 300.0 10.0 1.0 
 
dump EPONDETDA all xyz 50000.0 
epon63XL_Y_lineartension_0.5strain300K_200ps.xyz 
 
#run 
timestep 0.4 
thermo 50 
thermo_style custom step temp pe etotal evdwl ebond eangle edihed emol lx ly lz pxx 
pyy pzz pxy pxz pyz press vol 
thermo_modify lost warn 
run 5000000 
 
 
 
77 
 
# NPH simulation input file for 63% crosslinked EPON-DETDA with 59% clusters for 
0.5% tensile strain at 300K along Z direction for measuring Young’s modulus  
 
units real 
dimension 3 
boundary p p p 
atom_style molecular 
neighbor 4.0 bin 
neigh_modify every 1 delay 0 check yes page 1000000 one 100000 
echo screen 
 
#OPLS potentials 
bond_style harmonic 
angle_style harmonic 
dihedral_style opls 
pair_style lj/cut/opt 10.0 
pair_modify mix arithmetic 
read_data DataFile_63XLfrom59XL_ModCalc_Zlineartension.xyz 
 
#dynamics commands 
#initial velocities 
compute 1 all temp 
compute 2 all pressure 1 
compute 3 all pe 
velocity all create 300.0 300.0 
 
#fixes 
fix 1 all deform 1 z scale 1.005 remap v units box 
fix 2 all nph x 0.0 0.0 10.0 y 0.0 0.0 10.0 couple none 
fix 3 all temp/rescale 1 300.0 300.0 10.0 1.0 
dump EPONDETDA all xyz 50000.0 
epon63XL_Z_lineartension_0.5strain300K_200ps.xyz  
 
#run 
timestep 0.4 
thermo 50 
thermo_style custom step temp pe etotal evdwl ebond eangle edihed emol lx ly lz pxx 
pyy pzz pxy pxz pyz press vol 
thermo_modify lost warn 
run 5000000 
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APPENDIX B 
AWK script for finding distances between crosslinking atoms 
 
#AWK script for finding distances 
{ 
  # create associative arrays that store relevant information 
  # from both files - atom id and xyz co-ordinates 
  if (NR == FNR) { 
    x[FNR] = $1":"$4":"$5":"$6 
    n = FNR 
  } else { 
    y[FNR] = $1":"$4":"$5":"$6 
    m = FNR 
  } 
} 
END { 
  # The distance calculating formula is 
  # SQRT ((X1-X2)^2 + (Y1-Y2)^2 + (Z1-Z2)^2) 
  print "Distance between corresponding atom pairs"  
  print "-----------------------------------------"  
  for (i=1; i<=n; i++) { 
    split(x[i], a, ":") 
    split(y[i], b, ":") 
    printf("%2d %2d %.8f\n",a[1],b[1],sqrt((a[2]-b[2])**2 + (a[3]-b[3])**2 + (a[4]-
b[4])**2)) 
  } 
  print "Distance between cross-product of atom pairs" 
  print "--------------------------------------------"  
  for (i=1; i<=n; i++) { 
    split(x[i], a, ":") 
    for (j=1; j<=m; j++) { 
      split(y[j], b, ":") 
      printf("%2d %2d %.8f\n",a[1],b[1],sqrt((a[2]-b[2])**2 + (a[3]-b[3])**2 + (a[4]-
b[4])**2)) 
    } 
  } 
} 
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